Bert Scharf's seminal studies on selective auditory attention were, in many ways, ahead of the times. Twenty years ago, many psychoacousticians viewed any consideration of cognitive factors or effects driven by the intent of the listener, rather than the acoustics of the input, as outside of their realm of interest. However, today, a plethora of laboratories are exploring questions about what acoustic features enable listeners to focus attention, how bottom-up stimulus attributes interact with top-down control signals to determine what source a listener attends in a mixture of sources, and what neural mechanisms realize such selective auditory attention. This talk reviews recent work exploring selective auditory attention using a combination of behavioral studies and neuro-imaging techniques, all of which suggest that 1) listeners can focus attention on one, and only one, auditory object or stream at a time, and 2) executive control regions of the brain are engaged during attention to reduce across-object interference in the representation of whatever object is in the attentional foreground. These studies underscore the importance of auditory attention in allowing us to communicate in everyday settings containing multiple sound sources, and thus the foresight of Bert in tackling this problem when most others did not.
INTRODUCTION
In the everyday world, oral communication is a daunting task. Most environments contain competing sounds whose acoustic energy sums up before entering the ears. Importantly, there are central, cognitive bottlenecks in how much information we process, a fact that has been well understood in both the psychology and neuroscience communities for decades. Despite this, historically, a great deal of auditory perceptual research has focused on the limitations of the sensory system, while ignoring central processing issues. This tendency no doubt traces back to the seminal work in psychoacoustics back in the hay day of Bell Laboratories, most of which focused on telephony. Of course, when conversing via telephone, there is typically only one sound source of interest (the speaker at the end of the line); the only competing sound sources are noises that are easy to segregate from the talker, and relatively easy to ignore.
Although a few pioneering individuals, like Bert Scharf (honored today) and Irv Hafter (who is another contributor to today's session), understood peripheral processing in the auditory system while still appreciating the importance of auditory attention in perception, such work was relatively rare when they started. Over the last decade, however, the study of auditory attention has become a central theme in hearing science. Studies of "the cocktail party" and "informational masking" fill journals and conference proceedings.
In my own laboratory, inspired by the early work of Scharf, Hafter, and others, we embraced the study of attention, bringing to bear not only carefully controlled psychophysical behavioral paradigms, but also modern neuroimaging techniques. Our goal is to understand the factors that affect the ability to communicate, and how they interact. These factors include the stimulus attributes that affect how a listener parses the acoustic scene into constituent objects, the early sensory representation of the scene and how the fidelity of this representation influences perceptual ability, and the cortical attentional network that modulates the neural representation of sound based on task demands. This paper reviews some of these results to demonstrate the importance of attention in communication, and to illustrate the role of cortical neural processing on attention.
ONE THING AT A TIME
Behavioral results show that listeners attend to one thing at a time. When asked to divide attention between simultaneous sources, listeners show significant deficits (Best et al., 2006; Ihlefeld and Shinn-Cunningham, 2008; Best et al., 2010) . The pattern of results that we see is consistent with listeners only having one sound source in the focus of attention at a given moment, but using short-term memory to replay the second stream that they are supposed to process. Importantly, many experimental paradigms use brief trials with low memory load to explore perceptual abilities; such paradigms likely underestimate the role of memory in trying to listen to multiple, simultaneous sources and thus underestimate the degree to which listeners truly process only one perceptual auditory object at a time. Similarly, many sound streams have sufficient context to allow listeners to "sneak peeks" at a competing stream, while still managing to report the content of the first stream with negligible penalty. Our own results show that the more distinct the perceptual features of two competing streams, the more likely it is for listeners to report all of one stream at the cost of missing content from the other; when streams are similar, and therefore hard to separate, listeners report more of the words in both streams, overall, but are more likely to mix up which words belong together. Such behavioral studies demonstrate that the natural role of auditory attention is to select one sound object from a mixture at a time, at the expense of other, competing objects.
CORTICAL CONTROL OF ATTENTION
When we decide what source we want to process in detail, we engage a number of executive control circuits in the brain. Visual attention studies are far along in tracking down which cortical areas are engaged by attention, and in understanding how these areas modulate the representation of visual information in the brain. Studies of auditory attention circuitry suggest that the areas engaged during auditory attention are closely related, or even the same, as the areas engaged during visual attention. However, the degree to which this holds depends on how it is that listeners are determining what source to attend. A recent study from our laboratory (Lee et al., 2013) presented subjects with identical mixtures of two sources: one left and one right; and one high pitched and one low pitched. For these same mixtures, we contrasted the cortical activity elicited when listeners were cued to attend to the source from a particular location against the activity when they were cued to listen to the source with a particular pitch. Auditory spatial attention engaged significantly more activity in the Frontal Eye Fields, an area known to be critically involved in visuo-spatial attention, than did pitch-based attention. Conversely, auditory sensory areas of the brain were more active during pitch-based attention than during spatial attention. In both cases, this differential activity occurred after listeners were cued as to what feature to focus on, but before the competing sound was presented. These results suggest that just as in vision, cortical areas that represent key features of a stimulus are engaged in modulating the neural representation of information, and that this modulation of cortical responses begins even before the sound itself is present.
PHYSIOLOGICAL EVIDENCE OF ATTENTIONAL MODULATION
The modulatory influence of attention can be observed in neural responses to sound. These effects are sufficiently robust that we have been able to classify, using brief samples of data, which of two competing sound sources a listener was attending, based solely on voltage readings from the scalp (electroencephalography, or EEG). Such results show that each syllable, note, or other onset of an attended sound elicits a strong, stereotypical EEG response; in contrast, onsets within the same sound stream, when being ignored, elicit a response that is significantly weaker (a change in gain of as much 12-15 dB). Despite the inherent noise in EEG signals, we can correctly classify which source a listener is attending from a few seconds of data, although the actual classification rates vary significantly across subjects (from about 60% -80%, depending on the subject, in one experiment). This kind of result demonstrates how radically attention alters the neural response to sound.
CONCLUSIONS
Demonstrations of the type reviewed here show the power of auditory attention. Auditory attention is robust and strong enough to dramatically affect how we perceive the world. Events outside the focus of attention may never enter our awareness. Failures of auditory attention, whether through failures of object formation or of object selection, are a critical piece to understanding how communications go awry in ordinary settings.
